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Abstract Isolated rat hearts were exposed to 30 min ischemia
or to 30 min ischemia followed by 2, 5 or 40 min reperfusion
and mitochondria were isolated at these di¡erent time points.
ADP-stimulated, succinate-dependent respiration rate (state 3)
was not signi¢cantly changed at the di¡erent time points exam-
ined. In contrast, state 4 (non-ADP-stimulated) respiration rate
was signi¢cantly increased after 30 min ischemia, and it in-
creased further during the ¢rst post-ischemic reperfusion period.
Mitochondrial swelling, as evaluated under conditions of the
major controlled ion channels (i.e. permeability transition pore
and ATP-dependent mitochondrial Kþ channel) closed, signi¢-
cantly increased in parallel. It is suggested that the inner mito-
chondrial membrane permeability is increased under exposure of
the heart to ischemia and early reperfusion, and that the phe-
nomenon is reversible upon subsequent long periods of reperfu-
sion.
, 2004 Published by Elsevier B.V. on behalf of the Federation
of European Biochemical Societies.
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1. Introduction
Structural, biochemical, and functional abnormalities of mi-
tochondria are important pathogenic factors that a¡ect oxy-
gen-depleted and re-oxygenated myocardial cells (for recent
reviews, see [1^3]). Mitochondria not only play a central
role in myocardial energy metabolism and calcium homeosta-
sis, but are also responsible for the highest production of
reactive oxygen species (ROS) in ischemic and reperfused
hearts, and are involved in the mechanisms controlling apo-
ptotic cell death. Several studies have tried to address the role
of dysfunctions of mitochondrial respiratory chain complexes
during ischemia and reperfusion [4]. The prevalent current
idea is that respiration capacity, as assayed under ADP-stimu-
lated conditions (state 3 respiration), diminishes during ische-
mia, and the decrease is particularly relevant when assayed
with NAD-dependent substrates, implying that complex I of
the respiratory chain is the most a¡ected enzyme [4]. How-
ever, other respiratory complexes, such as complex III and IV,
have also been shown to be impaired by ischemia suggesting
an alteration of the entire transport chain process [5].
Two important considerations should be made when ad-
dressing the e¡ect of ischemia and reperfusion on heart mito-
chondria. First, early periods of post-ischemic reperfusion ap-
pear to be critical for heart recovery [6]. An increased
production of ROS by mitochondria and an increased Ca2þ
concentration in the matrix seem responsible for the patho-
logical opening of the mitochondrial transition pore, with a
dramatic loss of nucleotides and cytochrome c [3,5]. Never-
theless, the e¡ects of the ¢rst few minutes of reperfusion fol-
lowing prolonged ischemia on mitochondrial function have
not been de¢nitely stated. Second, mitochondria have been
proposed to play a relevant role in myocardial ischemic pre-
conditioning, a phenomenon that protects the heart from is-
chemic injury and subsequent reperfusion, especially through
the activation of an ATP-dependent mitochondrial Kþ chan-
nel (mtKþATP) [7]. Therefore, the role of mitochondrial respi-
ration as a crucial component of the preconditioning para-
digm has been addressed in several studies, but it still
warrants further investigation [2].
Since a better understanding of the mechanisms of mito-
chondrial (dys)function may lead to new perspectives for fu-
ture research on protection of ischemic-reperfused myocardi-
um, we thought it of interest to measure the mitochondrial
swelling, as well as the respiration rate of mitochondria
isolated from hearts exposed to ischemia and subsequent
reperfusion, using succinate as substrate. In this work we
determined the time-dependent changes of mitochondrial
respiration under di¡erent energizing states during ischemia
and subsequent reperfusion, and the intactness of the inner
mitochondrial membrane, as evaluated by measuring mito-
chondrial swelling.
2. Materials and methods
All chemicals, of reagent grade, were purchased from Sigma
(St. Louis, MO, USA) and were used without further puri¢cation.
2.1. Experimental protocol
The study conformed to the Guide for the Care and Use of Lab-
oratory Animals (NIH Publication No. 80-23). Hearts from adult
male Sprague^Dawley rats (275^350 g body weight), fed a standard
diet, were excised and subjected to 20 min control working perfusion,
followed by 30 min zero-£ow global ischemia and 2, 5 or 40 min
retrograde reperfusion (Fig. 1). During working heart perfusion, the
bu¡er was recirculated (approximate volume: 200 ml); during retro-
grade perfusion, it was not recirculated. During sustained ischemia,
the heart chamber was ¢lled with deoxygenated perfusion bu¡er, and
its temperature was closely monitored and kept at 36.8F 0.1‡C.
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2.2. Isolation of mitochondria
After ischemia and at the di¡erent times of reperfusion, ventricular
myocardium was rapidly immersed in an ice-cold 0.18 M KCl, 1 mM
EDTA and 10 mM Tris^HCl (pH 7.4) homogenization bu¡er con-
taining of 0.1% (w/v) fatty acid-free bovine serum albumin and 0.1
mM Mg-ATP. The tissue was minced and homogenized with approx-
imately 5 ml of homogenization bu¡er per gram of tissue, using a
Te£on^glass homogenizer. Mitochondria were isolated by di¡erential
centrifugation as previously reported [8]. The protein concentration in
the mitochondrial suspension was determined by the Bradford method
using bovine albumin fraction V as a standard [9].
2.3. Mitochondrial respiration and swelling
The mitochondrial respiratory function was measured immediately
after isolation. Oxygen consumption was determined at 37‡C with a
Clark oxygen electrode (Strathkelvin Instruments). The incubation
chamber (0.15 ml) contained 10 mM Tris^HCl, pH 7.4, 0.25 M su-
crose, 5 mM KH2PO4, 5 mM MgCl2, 5 mM KCl, 10 mM succinate,
2 WM rotenone, and 0.05 mg of mitochondrial protein. Oxidative
phosphorylation was started by the addition of 50 nmol ADP. The
following parameters of mitochondrial function were evaluated: state
3 respiration rate: QO2 (oxygen uptake during ADP phosphorylation,
expressed in nmol oxygen/min/mg mitochondrial protein); state 4 res-
piration rate: QO2 (oxygen uptake in the absence of exogenous
ADP); respiratory control ratio (RCR): ratio of state 3 and state 4
oxygen uptake rates; phosphorylation e⁄ciency: ADP/O ratio (nmol
ADP added/ngatoms oxygen consumed). Typically, to complete the
respiration assay in each mitochondrial sample, 5 mM dinitrophenol
was added, and uncoupled respiration was monitored. Under the lat-
ter experimental condition, statistically signi¢cant di¡erences between
samples were not found.
Mitochondrial swelling was determined in a hypotonic bu¡er by
measuring the decrease in the absorbance at 540 nm, using a Jasco
V550 spectrophotometer [10].
2.4. Enzyme activity
ATPase and cytochrome oxidase (COX) activity were measured
spectrophotometrically as previously described [11].
2.5. Statistical analysis
Results are expressed as meanFS.E.M. Di¡erences between groups
were evaluated by analysis of variance: Fischer’s F-test was ¢rst used
to compare between-group and within-group variance; if the former
was signi¢cantly (P6 0.05) higher than the latter, individual groups
were compared by Student^Newman^Keuls test, as described by
Glantz [12].
3. Results
The physiopathological characteristics of the hearts used
in our experiments were described in a previous paper [8].
Brie£y, the release of both lactate dehydrogenase and creatine
kinase increased signi¢cantly after prolonged ischemia, and
cellular necrosis, as estimated on the basis of tissue staining
with triphenyltetrazolium chloride, was around 30% after 30
min ischemia followed by 120 min reperfusion.
The succinate-sustained, ADP-stimulated oxygen consump-
tion capacity of mitochondria isolated from rat heart exposed
to 30 min ischemia and 40 min retrograde reperfusion did not
change signi¢cantly throughout the experiment (Fig. 2), con-
sistent with previous reports [4]. However, at 2 and 5 min
reperfusion the mean value was higher than the pre-ischemic
level. State 4 respiration rate was signi¢cantly increased by
V80% (n=6; P6 0.01) following 30 min ischemia, and it
increased nearly three-fold after 2 min reperfusion. After
5 min reperfusion, it decreased to the value it had after ische-
mia, before reperfusion was started (0R). At 40 min reperfu-
sion, state 4 respiration rate was not statistically di¡erent
from the initial value measured before the induction of ische-
mia (NI). As a consequence of the low level of coupling fol-
lowing sustained ischemia and at 2 min reperfusion, mito-
chondria showed both low RCR (2.27 F 0.32 and 2.01F 0.11
at 0R and 2R, respectively) compared with the basal level of
4.49F 0.31 (P6 0.01, n=6), and a slightly decrease in energy
e⁄ciency, with ADP/O scoring 1.40F 0.16 and 1.20F 0.12,
respectively, compared to the basal value of 1.59F 0.20,
although it did not achieve statistical signi¢cance.
To exclude that the observed increase of respiration rate at
2 and 5 min reperfusion was due to di¡erently enriched mi-
tochondrial preparations under the various conditions as-
sayed, COX activity was measured under conditions of max-
imal activity [11] ; this activity was statistically unchanged
throughout the experiments (Table 1), which agrees with pre-
vious results [13]. In order to protect mitochondria and pre-
vent mtKþATP channel opening [14], Mg-ATP was added in the
Fig. 1. Schematic diagram of the perfusion protocol. Mitochondria were isolated at each time point indicated: NI (no ischemia), 0R (0 min re-
perfusion), 2R, 5R, and 40R (2, 5, 40 min reperfusion, respectively).
Table 1
Mitochondrial COX and ATPase activities
COX (Wmol/min/mg) ATPase (Wmol/min/mg) OS-ATPase (Wmol/min/mg)
NI 1.48F 0.03 1.63F 0.51 1.38F 0.10 (85)
0R 1.60F 0.09 1.46F 0.13* 1.09F 0.06* (75)
2R 1.67F 0.02 1.18F 0.14* 0.86F 0.04* (72)
5R 1.61F 0.11 1.06F 0.11* 0.80F 0.05* (76)
40R 1.38F 0.18 1.35F 0.28* 1.08F 0.11* (80)
The results are meanFS.E.M. of six experiments for each group. In parentheses oligomycin-sensitive ATPase (OS-ATPase) in % of total ATP-
ase activity is shown. *P6 0.05 vs. corresponding control basal value (NI).
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bu¡er used to isolate mitochondria. Addition of either oligo-
mycin (20 WM), a speci¢c F1F0-ATPase inhibitor and proton
blocking agent through F0, or EGTA (0.5 mM), a speci¢c
Ca2þ chelator, had virtually no e¡ect on state 4 respiration
rate, whereas cyclosporin A (1 WM) could slightly decrease the
rate, but even at 2 min reperfusion its e¡ect was not statisti-
cally signi¢cant (means F S.D. were 123.8F 12.5 vs. 105.8 F
14.0 nmol/min/mg in the presence of cyclosporin). Oligomy-
cin-sensitive ATPase activity at 0R, 2R and 5R decreased
signi¢cantly compared to pre-ischemic baseline (Table 1).
This might result from the sum of two opposite e¡ects: un-
coupling, due to proton leak through the membrane, which
enhances ATP hydrolysis, and inhibition, due to the endoge-
nous protein inhibitor that binds to the enzyme when mito-
chondria depolarize [15].
To test the mitochondrial membrane integrity and perme-
ability we used the swelling technique, and found that at the
various time points it had a parallel increase to that of state 4
respiration rate (Fig. 3).
4. Discussion
In this work we evaluated the mitochondrial respiration and
swelling during ischemia and at di¡erent times of reperfusion
in isolated rat heart mitochondria. For our respiratory mea-
surements we chose succinate as a substrate since its oxidation
is a very poorly controlled process. In contrast, the oxidation
of NAD-linked substrates is subject to regulation. Moreover,
the possible inactivation of matrix NAD-linked dehydrogen-
ases during reperfusion [16] would confuse the interpretation
of the respiratory data. Our results indicate that 2 min reper-
fusion of the heart, following 30 min ischemia, is the time at
which the mitochondrial coupling is most a¡ected in the
course of the experiment. At 2 min reperfusion, maximum
swelling occurred, and respiration rate under non-phosphor-
ylating conditions (state 4) was maximal (RCR was minimal).
Three main reasons might be responsible for the increased
state 4 respiration rate: (i) uncoupling of respiration from
ADP phosphorylation due to proton leak, (ii) cycling phos-
phorylation of ADP produced by ATPases (F1F0-ATPase of
broken mitochondria and Ca2þ-dependent ATPases present as
contaminants of mitochondrial preparations), and (iii) energy-
dependent Ca2þ cycling into and out of the mitochondria.
Since we operated with a low concentration of mitochondria,
it is unlikely that contaminating Ca2þ-dependent ATPases
were present with measurable activities [17], and addition of
Fig. 3. Correlation between swelling (b) and state 4 respiration rate
(a). Light-scattering was recorded at 540 nm, and data refer to ab-
sorbance changes 2 min after exposure of mitochondria (0.5 mg/ml)
to the hypotonic medium containing 10 mM Tris^HCl, 5 mM
KH2PO4, 0.5 mM MgCl2, 5 mM KCl, at 25‡C. MeansFS.E.M. of
six experiments are shown. **P6 0.01, *P6 0.05 vs. corresponding
pre-ischemic value (NI).
Fig. 2. Mitochondrial respiratory function parameters during ischemia and reperfusion. MeansFS.E.M. of six experiments are shown. No sig-
ni¢cant di¡erences in state 3 oxygen uptake (state 3 QO2) and in ADP/O ratio were observed at any time. However, in the early phase of re-
perfusion, state 4 oxygen uptake (state 4 QO2) was signi¢cantly increased compared to pre-ischemic value (NI) at 0R, 2R (**P6 0.01), and 5R
(*P6 0.05).
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oligomycin to the incubation medium could not change state 4
respiration rate, thereby excluding the hypothesis of ADP
cycling. Furthermore, measurements carried out in the pres-
ence of EGTA, a Ca2þ chelator, did not signi¢cantly in£uence
the respiration rate. Therefore, our data are consistent with
the occurrence of a proton leak at 30 min ischemia and to a
greater extent during the following ¢rst 2 min of reperfusion.
The proton leak might be caused by an alteration in mito-
chondrial membrane composition and £uidity due to the ac-
tion of phospholipase A2, which is activated during ischemic
conditions, [18], and to depletion of cardiolipin that follows
lipid peroxidation [19,20], and/or a consequence of the un-
regulated mitochondrial permeability transition pore opening
[21]. According to recent reports [22,23], another mechanism
might not be ruled out. During early posthypoxic reoxygena-
tion, when both superoxide anions and fatty acids are present
in the mitochondrial matrix at high concentration [24,25], to
limit ROS overproduction, the cell increases proton conduc-
tance through activation of uncoupling proteins. However, the
occurrence of increased mitochondrial swelling indicates struc-
tural changes in the inner membrane, which possibly occur
following loss of ability for ATP synthesis (induced by ische-
mia) and/or for ROS overproduction (occurring during reper-
fusion). Although the deterioration of the inner mitochondrial
membrane is associated with a low e⁄ciency of oxidative
phosphorylation, which in contrast should be high during
reperfusion to rapidly restore the loss of ATP caused by is-
chemia [24], this low e⁄ciency might be as well a protective
mechanism for the ischemic and reperfused cardiomyocytes.
Since uncoupling decreases vWHþ, it facilitates electron £ow
from reduced dinucleotides and respiratory chain redox cen-
ters to oxygen, therefore reducing toxic increased production
of superoxide [26^28]. Indeed, this phenomenon concurs with
the opening of both the permeability transition pore and the
mitochondrial ATP-sensitive potassium channel, important
cardioprotective processes in ischemic heart reperfusion, that
operate through a mechanism involving depolarization of the
inner mitochondrial membrane [29]. In conclusion, concurring
with the recent hypothesis of He and Lemasters [21], we
showed that, beside the controlled permeability, the unregu-
lated inner mitochondrial membrane permeability of the heart
is also increased by sustained ischemia and early reperfusion.
Future studies directly measuring mitochondrial membrane
potential to demonstrate an increase in mitochondrial mem-
brane permeability, as well as the use of other membrane
permeability transition inhibitors are warranted to elucidate
the molecular mechanisms underlying the early-reperfusion-
induced mitochondrial uncoupling.
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